The electrooxidative behavior and determination of ciprofloxacin at a glassy carbon electrode were investigated using cyclic, linear sweep, differential pulse and square wave voltammetric techniques. The dependence of the peak current and peak potentials on pH, concentration, nature of buffer, and scan rate were examined. The oxidation of ciprofloxacin gave a single and irreversible peak at glassy carbon electrode. The process was diffusion controlled. A linear response was obtained between 1.0 10 -6 and 4.0 10 -5 M in 0.1 M sulphuric acid for both techniques. The recovery studies were also achieved to check selectivity and accuracy of the methods. The proposed methods were applied for the determination of ciprofloxacin from pharmaceutical dosage forms without any time-consuming extraction, separation, adsorption steps. The repeatability, reproducibility, precision and accuracy of the proposed methods were investigated.
INTRODUCTION
Fluoroquinolones are important antibacterial group drugs developed in recent years which have been widely used for treatment of many bacterial infections. Broad spectra of activity and good oral absorption have led to extensive clinical use of the newer fluoroquinolones.
The ciprofloxacin hydrochloride (CIP) (Scheme 1) chemically described as 1-cyclopropyl -6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-quinoline carboxyclic acid, monohydrochloride. CIP is used to treat or prevent certain infections caused by bacteria. CIP is also used to treat or prevent anthrax in people who may have been exposed to anthrax germs in the air [1-3]. High performance liquid chromatography [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , high performance thin layer chromatography [23, 24] , spectrofluorimetry [25] , atomic absorption spectrometry [26] , Rayleigh light scattering technique [27] have been utilized for the determination of ciprofloxacin, but complicated preconcentration or multi-solvent extraction technique is also couple with these technique due to the complexity of the real samples and the low concentration of the analyte.
*Address correspondence to this author at the Department of Analytical Chemistry, Faculty of Pharmacy, Ankara University, 06100, Tandogan, Ankara, Turkey; Tel: +90 312-2033-178; Fax: +90 312-2238-243; E-mail: buslu@pharmacy.ankara.edu.tr Electroanalytical methods have long been used for the determination of a wide range of drug compounds due to their simplicity, low cost, and relatively short analysis time when compared to other techniques. Additional application of electrochemistry includes the determination of electrode mechanism [28] [29] [30] [31] . Redox properties of organic molecules can give insights into their metabolic fate or their in vivo redox processes or pharmacological activity. Such use of electroanalytical measurements has found a vast of applications, including environmental monitoring, determination of a wide range of drug compounds [32] [33] [34] [35] [36] , industrial quality control or biomedical analysis [37] . Glassy carbon electrodes are the most common carbon-based electrodes, since they have excellent mechanical and electrical properties, wide potential range, chemically inert nature, and impermeability to gases. They are easily mounted, polishable, and compatible with all common solvents. Their performances are relatively reproducible. Thus, they offer many applications in many different areas.
To our knowledge only one electroanalytical method for ciprofloxacin identification has been reported [38] . In this study authors have been mentioned only qualitative determination of ciprofloxacin in commercial dosage formulations. Also differential-pulse adsorptive stripping voltammetric method has been reported for enrofloxacin in pharmaceutical formulations [39] . Only few biosensor studies have been investigated for ciprofloxacin [40] [41] [42] .
This work describes the development of a new, simple, rapid and selective voltammetric method to directly determine the ciprofloxacin concentration in pharmaceuticals. The aim of this study is also to investigate the voltammetric behavior and oxidation mechanism at glassy carbon electrode using cyclic, differential pulse and square wave voltammetry.
EXPERIMENTAL

Reagents
Ciprofloxacin hydrochloride (CIP) standard was kindly supplied by Biopharma (Istanbul, Turkey). The other chemicals were reagent grade (Merck or Sigma). A 1 10 -3 M stock solution of ciprofloxacin was prepared in methanol and kept in the dark in a refrigerator. Working standards of ciprofloxacin were freshly prepared just before the assay, by adding appropriate amounts of stock solution with selected supporting electrolytes so that in most instances the final solution contained 20% methanol. As supporting electrolytes, sulphuric acid (0.1 M and 0.5 M), phosphate buffer (pH 1.45-8.00), Britton Robinson buffer (pH 2.00-12.00) and acetate buffer (pH 3.70-5.70) were used.
All solutions were kept in the dark and were used within 24h to avoid decomposition. However, voltammograms of the samples solutions recorded a week after preparation did not show any appreciable change in assay values.
Voltammetric Measurements
All voltammetric measurements were performed using a BAS 100W electrochemical analyzer (Bioanalytical System, USA). The three electrode system used in this study contained a glassy carbon electrode (BAS ; : 3 mm, diameter), a platinum wire counter electrode and Ag/AgCl (NaCl 3 M, BAS) reference electrode and a standard onecompartment three-electrode cell of 10 mL capacity were used in all experiments. Before each experiment, the glassy carbon electrode was polished manually for the cleaning of the electrode surface with slurries prepared from 0.01 m aluminum oxide on a smooth polishing pad (BAS velvet polishing pad), then was rinsed with double-distilled water thoroughly.
For analytical application, the following parameters were employed: SW voltammetry pulse amplitude, 25 mV; frequency, 15 Hz; scan increment, 4 mV. DPV parameters were: pulse amplitude, 50 mV; pulse width 50 ms; scan rate, 20 mV s -1 . The pH was measured using a pH meter Model 538 (WTW, Austria) using a combined glass electrode with an accuracy of ± 0.05 pH.
Tablet Assay Procedure
Ten tablets were thoroughly grounded to a fine powder. A sufficient amount of the powder accurately weighted, to prepare a stock solution including 1 10 -3 M CIP, transferred to a 100 mL of calibrated flask, and completed to the volume with methanol. The prepared solution was sonicated for 20 min to complete dissolution. The sample taken from the clear supernatant liquor was diluted with the selected supporting electrolyte containing a constant amount of methanol (20%, v/v). This solution was used to receive voltammograms by using the selected techniques for glassy carbon electrode. The nominal content of the tablet amounts were calculated from the corresponding regression equations of previously plotted calibration plots for only glassy carbon electrode.
Recovery Studies from Tablets
To study the accuracy of the proposed method, and to check the possible interferences from common excipients, recovery studies were carried out. If the proposed method is used to measure an analyte in a complex sample matrix, a standard addition recovery method can be used. For this purpose, known amounts of the pure ciprofloxacin were added to the pre-analyzed tablet dosage forms. The mixtures were analyzed as in pure ciprofloxacin. After five repeated experiments, the recovery results were calculated using the calibration equation.
RESULTS AND DISCUSSION
In order to characterize the electrochemical oxidation behavior of CIP, cyclic (CV) and linear sweep voltammetry (LSV) were carried out in the potential range of 0.0 -1.7 V. CV experiments were achieved over a range from acidic (0.1 M and 0.5 M sulphuric acid) to alkaline (pH 12.00) in different buffer aqueous media at glassy carbon electrode. Differential pulse (DP) and square wave (SW) voltammetric techniques were developed for the determination of CIP for glassy carbon electrode.
The CIP was electrochemically oxidized in a broad pH range (0.30 -8.00) using glassy carbon electrode. The cyclic voltammetric behavior of CIP yielded one well-defined peak in all buffer solutions (Fig. 1) . No cathodic peak was observed. In this contribution, only anodic process will be discussed and the peak potential and peak current were determined in supporting electrolyte to maintain solubility. Maximum peak currents for CIP were obtained using 0.1 M sulphuric acid solution which has been successfully used for determination by measuring the peak current at peak potential of 1.12 and 1.16 V for DPV and SWV, respectively.
Cyclic voltammetric measurements showed an irreversible nature of the oxidation process on glassy carbon electrode (Fig. 2) . The scanning was started at 0.0 V in the positive direction at 0.1 M sulphuric acid, the anodic oxidation of CIP did not occur until about +1.17 V. By reversing at + 1.7 V, no reduction wave or peak corresponding to the anodic wave was observed on the cathodic branch. CIP peak was decreased by the second and consecutive cycles (Fig. 2) . This phenomenon may be partly attributed to the consumption of adsorbed CIP on the electrode surface. Fig. (3) shows the cyclic voltammograms where the effect of pH, both on the peak potential and on the peak current is clearly seen and agrees with the expected behavior for proton-dependent process coupled to a final irreversible chemical reaction. This chemical irreversibility leads to the absence of any reduction peak in the reverse scan, even if the rate (v) is increased to 1000 mVs -1 .
Linear Randles-Sevcik plot (plot of i p against v , correlation coefficient 0.990 for 0.1 M sulphuric acid solutions) was obtained indicating that diffusion is the means of mass transport [43] . This finding was further confirmed by plotting log i p against log v; a straight line was obtained (correlation coefficient 0.996 for 0.1 M sulphuric acid solutions) with a slope of 0.505 (slopes of 0.50 and 1.0 are expected for ideal reactions of solution and surface species) [43] .
The plot of the peak potential versus pH showed a two straight lines between pH 0.3-6.00 and 6.00-8.00 which can be expressed by the following equation.
Ep (mV) = -66.714 pH + 1264.70 r = 0.974, n =11 (between pH 0.30-6.00)
Ep (mV) = -43.000 pH + 1121.70 r = 0.999, n = 3 (between pH 6.00-8.00) (2) The first intersection point of the Ep -pH curves is observed from Fig. (3a) that was reported as pKa1 6.09 and pKa 2 8.62 [44] . However the second intersection point of curve could not be observed because of after pH 8.00 the peak was disappeared.
The peak potential was also dependent on scan rate. The peak potential was shifted to 50 mV positive values on increasing scan rate, which confirms the irreversible nature of the oxidation process. The relation between E p and logv can be expressed by the equation for 0.1 M sulphuric acid solution.
Ep (mV) = 21,026 logv + 1073.1 r = 0.995 n = 10 (3)
The plot of Ep versus logv was linear with a correlation coefficient 0.995. This behavior is consistent with the EC nature of the reaction in which the electrode reaction is coupled with an irreversible follow-up chemical step [45, 46] .
The relationship between pH and CIP current (I p ) was also studied. The peak intensity increased in 0.1 M sulphuric acid solutions. For this reason, 0.1 M sulphuric acid solutions were chosen with respect to single and sharp response and better peak shape for the analytical application using cyclic voltammetric technique.
Validation of the Analytical Procedure
Quantitative evaluation is based on the linear correlation between the peak current and concentration. For analytical purposes, best response was obtained in the selected media consisting of a 20% constant amount of methanol for glassy carbon electrode. The best single peak shape, peak current sensitivity, and reproducibility or these techniques were obtained in 0.1 M sulphuric acid solution. The graph of CIP concentration vs the peak current gave linear calibration curves in 0.1 M sulphuric acid using both techniques, indicating a diffusion-controlled process. The linearity of the calibration curve was obtained in the range of 1.0 10 -6 -4.0 10 -5 M for both DPV and SWV techniques. Above these concentration ranges, the loss of linearity was probably due to the adsorption of CIP on the electrode surface. Characteristics of these graphs are given in Table 1 . The precision of the method was investigated by repeatedly (n = 5) measuring peak potential and peak current of CIP within a day and over three consecutive days for both techniques. LOD and LOQ were calculated as (3 s/m) and (10 s/m), respectively where s is standard deviation of response (three runs) and m is the slope of the calibration curve. LOD and LOQ values confirmed the sensitivity of the proposed methods, were shown in Table 1 . These results demonstrated good precision, accuracy and reproducibility [47, 48] . Standard sample solutions were stored at + 4 o C in the dark and recorded every week. The solutions did not show any appreciable change in assay values even after four week period. However, all solutions used for the validation experiments were freshly prepared to ensure the stability of analyte in the solutions. 
Application to Analysis of Pharmaceuticals
The validity of the proposed DPV and SWV methods at the glassy carbon electrode for the determination of CIP in pharmaceutical dosage forms was investigated by assaying tablet dosage form. Fig. (4) illustrate the response of rise over successive concentration of CIP in tablet dosage form by DPV and SWV voltammetry. Without any sample extraction or filtration step, but just through dissolution and an adequate dilution of the analyte present in the solution of Cipro ® tablets, both methods can be used for the direct determination of CIP using the related calibration straight line. Recovery studies were carried out after addition of known amounts of pure drug to various pre-analyzed formulations of CIP. In order to detect interactions of the excipients, the standard addition technique was applied to the same preparations, which were analyzed by calibration curve. The results show that the proposed methods were successfully applied for the assay of CIP in its tablet dosage form ( Table 2 ). The mean results for five determinations of both techniques are very close to the declared value of 500 mg; the confidence limits were calculated for a significance level of 0.05. The results showed that the proposed methods could be applied with great success for CIP assay in tablet without any interference.
CONCLUSIONS
The voltammetric oxidation step of CIP in different buffer solutions between pH 0.3-12.00 has been elucidated. The CIP is irreversibly oxidized at high positive potentials. The electrooxidation method which is found in literature [38] related to the of CIP qualitative determination. The proposed DPV and SWV technique for the determination of CIP in pharmaceutical dosage form was found to be as simple and rapid as the reported method and more selective, sensitive and validated than the reported method [38, 39] . The proposed voltammetric methods can be applied directly to the analysis of pharmaceutical dosage forms without the need for separation or complex sample preparation, since there was no interference from the excipients and endogenous substances. The proposed method is fully validated. 
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